The Kingdom of Saudi Arabia (KSA) has a fast growing building sector driven by factors like burgeoning population, economic and infrastructure development and modernization. Buildings, owing to their energy intensive operation, are imposing significant energy, environmental and economic burdens for the country. To overcome these challenges and improve the sustainability levels in the building and energy sectors, it has been decided to develop 9500 MWs of renewable energy projects by 2023. Given the annual solar radiation level of over 2200 kWh/m 2 , solar energy is expected to play the predominant role in achieving this target. Traditionally, KSA's emphasis has been to pursue large-scale energy projects. Globally, however, small scale and building related projects have significantly contributed to the rapid growth of solar energy. Application of solar technologies in buildings is one of the important areas that has been ignored in the country. This paper explores the potential for rooftop solar photovoltaic (PV) in KSA's residential sector. Taking into account appropriate PV design considerations and local building construction and cultural practices, it calculates the power generation potential for 13 major cities. It is found that a total of 51 TWh of electricity can be annually generated from these cities, accounting for 30% of the total domestic demand. Findings of a case study on application of the PV system on 248,452 m 2 of rooftop area of the residential buildings in the King Fahd University of Petroleum and Minerals undertaken with the help of ArcGIS 10.2 and PVsyst modeling have also been provided.
Introduction
Renewable energy is playing an ever important role in meeting energy requirements across the world. It exhibits favourable credentials like an abundant and widely available resource base, inexhaustibility and environmental friendliness contributing to its fast growth over the last two decades. Factors like technological advancements, conducive policies and economy of scale have also helped the rapid uptake of renewable energy. The annual capacity addition of renewable energy is reported to have exceeded that of combined oil, gas and coal. In 2015, renewable technologies attracted $286 billion in new investment and contributed to more than 23% of the worldwide power generation in the year. According to the International Energy Agency, renewable energy is now making a bigger contribution to global power generation mix compared to coal [1] . Solar photovoltaic (PV) is one of the most promising renewable technologies. With a capacity addition of 50 GW in 2015, its aggregate global capacity reached 227 GW [2] . Records suggest that during the year around half a million of solar panels were installed every day [3] . Statistics suggest that 22 countries are having over 1% of their total power requirements met by PV. Italy is the leading country in the world in terms of contribution of PV in total power generation with a share of 7.8%, followed by Greece and Germany with respective shares of 6.5% and 6.4% [4] .
Small and building related applications have been an active part of recent PV developments across the world. The leading countries referred to above in the world in terms of installed capacity have benefited from building related utilization of the technology. Germany, for example, having pioneered the concept of feed-in-tariff in the early 1990s, has established a large base of small scale and building integrated PV power generation. The feed-in-tariff policy has been implemented across the world with countries like Spain, Italy, UK, the USA and Japan experiencing rapid growth in their PV markets. A government-backed feed-in-tariff policy for small-scale producers has already been implemented in more than 50 countries in the world [5] . In the developed world, other types of business models including micro-credit based mechanisms have helped PV make significant contributions.
Kingdom of Saudi Arabia (KSA) is the most prominent country in the Middle East in terms of population, economy and geographic outreach. Its rich oil and gas reserves, amongst the largest in the world, coupled with highly subsidized energy prices have contributed towards making the Saudi society energy intensive. Since the 1950s, the country has experienced a complete transformation from a Bedouin to a modern lifestyle driven by massive economic and infrastructure development, as can be seen in the form of rapid growth in the building sector [6, 7] . The KSA building sector consumes about 80% of the total national electricity. Domestic buildings alone account for almost 51% of the national electricity use. It is reported that, compared to 2009, the power demand in the domestic sector is expected to double by 2025 [8] [9] [10] [11] [12] . With nearly 70% of the population being under 30 years of age, the annual demand for new homes is estimated to be 2.32 million by 2020 [13] [14] [15] . KSA is already one of the leading countries in the world in terms of per capita energy consumption and carbon dioxide (CO 2 ) emissions, and in a business as usual scenario, the fast growth in the building sector is set to substantially increase the energy and environmental burdens it faces [4] . The situation demands a paradigm shift in the energy consumption practices and trends in buildings.
Saudi Arabia is keen to reduce its dependence on oil and gas based energy sector by diversifying the supply mix. Renewable energy is an attractive option and the country has aimed to develop 9500 MW of renewable energy projects by 2023 [16] . Solar energy is the main renewable resource the country can tap and hence is projected to be the main contributor towards meeting the set target. There have been a few solar energy initiatives in the country in the past; however, the focus has been on large scale projects overlooking small scale and building integrated applications. The use of PV systems in the building sector, especially in residential buildings, needs to be taken on board.
Understanding the available potential is key to formulating appropriate policy framework for any considerable nationwide program to promote PV systems in buildings. This study aims to investigate the prospects of PV systems in the residential sector of KSA focusing on the building rooftop areas. The key objectives of the work are as follows:
• Establish the importance of PV application in the building sector of KSA; • Calculate the total rooftop areas in the residential sector; • Estimate the net area utilizable for PV application taking into account obstructive structural and utilities related features such as balustrade walls, heat ventilation and air-conditioning (HVAC) systems, water tanks, sky light openings, satellite dish antennas, staircases and vents for plumbing or mechanical installations; • Determine the power generation potential from rooftop PV application.
Based upon the latest census data on building stock and taking into account building typology, building rooftop areas in all of the 13 administrative areas in the country is estimated. The power generation potential is calculated for corrected rooftop areas taking into account local building construction and cultural practices. A case study of residential buildings in King Fahd University of Petroleum and Minerals, Dhahran has also been undertaken with the help of ArcGIS 10.2 and PVsyst software tools to validate the findings of the estimates at the national level.
PV Initiatives in KSA
The geographic location of Saudi Arabia is well placed for capitalizing solar energy with the average daily solar radiation level reaching 6 kWh/m 2 and 80-90% of clear sky days over the year [17] . The annual solar radiation level reaches over 2400 kWh/m 2 as shown in Figure 1 [18] . Despite such a rich potential and having initiated a sizeable solar village electrification project as early as 1981, the country is yet to make a meaningful utilization of solar energy. Under the Vision 2030, however, solar energy is being planned to contribute the most of the 9.5 GW renewables target. 
The geographic location of Saudi Arabia is well placed for capitalizing solar energy with the average daily solar radiation level reaching 6 kWh/m 2 and 80-90% of clear sky days over the year [17] . The annual solar radiation level reaches over 2400 kWh/m 2 as shown in Figure 1 [18] . Despite such a rich potential and having initiated a sizeable solar village electrification project as early as 1981, the country is yet to make a meaningful utilization of solar energy. Under the Vision 2030, however, solar energy is being planned to contribute the most of the 9.5 GW renewables target. Over the last few years, KSA has set up a number of government departments and institutions to promote solar energy, the most important of which is the King Abdullah City for Atomic and Renewable Energy (KCARE) established in 2010. Agreement has also been signed with SunEdison, City, US State abbrev., USA to establish a $6 billion PV manufacturing facility in Saudi Arabia [19] . An overview of the solar energy projects developed in the Kingdom is provided in Table 1 [20, 21] , The focus of initiatives has mainly been on large scale projects. It can also be observed that the developed projects are isolated initiatives rather than being part of a coordinated program. A number of other projects currently under development are also of multi-MW scale. Over the last few years, KSA has set up a number of government departments and institutions to promote solar energy, the most important of which is the King Abdullah City for Atomic and Renewable Energy (KACARE) established in 2010. Agreement has also been signed with SunEdison to establish a $6 billion PV manufacturing facility in Saudi Arabia [19] . An overview of the solar energy projects developed in the Kingdom is provided in Table 1 [20, 21] , The focus of initiatives has mainly been on large scale projects. It can also be observed that the developed projects are isolated initiatives rather than being part of a coordinated program. A number of other projects currently under development are also of multi-MW scale. 
Calculations of Rooftop Area

Survey Values
The rooftop area for PV application has been calculated with the help of the latest data available on residential buildings through the 2010-2014 Housing Census [22] . The housing census database gives the number/type of housing units in each administrative area as shown in Table 2 . The above given census is now outdated due to procedural actions taken by the Ministry of Economy and Planning. According to the approved Ninth Development Plan (2010-2014) [23] and the 5-year action plan to accommodate the growing population [24] , the government has taken a few precautionary steps to provide housing to its citizens forecasting the demand. The considerations taken into account are crucial to make the base assumptions in calculating the total roof area of different administrative areas. The demand forecast took into consideration the following assumptions, which, in our case study, will be helpful to concatenate the values given in Table 2 for the year 2014.
•
The annual growth rate of Saudi population is 2.23%, which require about 800,000 housing units by the end of 2014.
•
The growth rate of non-Saudi population is at 1.86%, which require about 200,000 housing units.
Meeting the unsatisfied cumulative demands of Eight Development Plan, replacing dilapidated housing, and covering a research housing stock (10% of demand) will require about additional 250,000 housing units by the end of 2014.
The above assumptions add another 1.25 million housing units as shown in Table 2 in order to find estimated housing units by administrative area by the end of 2014. Accordingly, the demand forecast value of 1.25 million was calculated and distributed among the administrative areas according to the representative population percentage of that administrative area. With the population growth rate of 2.23%, an estimated additional 850,000 units are required by the end of 2016.
A simple cross-check calculation can be done to validate the estimations made above: the population of Saudi Arabia (28.8 million) can be divided into the number of housing units, which gives us the household size. The housing crowd for the above made estimate is 5.7, which agrees well with the Ninth Development Plan.
The actual size of housing units is very difficult to know. According to the Ninth Development Plan (Ministry of Economy and Planning), a total of 350 million square meters of land is required to build the estimated 1.25 million housing units, assuming the average total area required for each housing unit to be 280 square meters. It is difficult to know the actual size of the housing units as per categories, but an excerpt from the Study of the National Housing Strategy in the Kingdom of Saudi Arabia, 2012 gives us a brief estimate as in Table 3 [25] , which shows the range of floor area distribution of living space of each type of housing unit. The housing unit type "others" constitutes about 5% of the total number of housing units. This space can be assumed having an average of 192 square meters of area per housing unit according to the study done previously. Hence, an additional 52 million square meters of area can be added to the total roof area. Similarly, we add the demand forecast total area, which is fixed at 280 square meters of area per housing unit as per the Ninth Development Plan.
Each traditional housing unit is usually comprised of a ground floor, but a villa or apartment has several floors. Hence, the number of housing units, especially villa and apartment, need not project the total usable roof area. This correction of reducing the number of housing units under one building is to be made before proceeding further.
According to the Housing Census of 2010 database, the number of housing units for each floor in a villa is almost half the value of the number of villas in a particular administrative area. For example, in the Riyadh region, if the number of villas are 299,243, then a floor in a villa consists of 159,612 housing units. Hence, we assume that each villa consists of an average of two floors (also seen in Figure 2 ). Similarly, for the apartment housing units, it is a norm in Saudi Arabia to build a three floor building unit with four to six housing units on each floor [26, 27] . A large housing unit like 175 m 2 (and 225 m 2 ) of area reduces the total usable roof space drastically, which is half in this case. Similarly, a smaller living space of 125 m 2 and 75 m 2 per housing unit, the total usable roof area is reduced to one fourth. Hence, the number of housing units for all areas with usable roof areas, can be recalculated as in Corrected Area row Table 4 . Thus, the ratio between the new corrected area to the original area are found to be 2.55 and 2 for apartment and villa type housing, respectively; while traditional house area is unchanged. It is therefore estimated that the total area to study the feasibility of rooftop PV potential in residential buildings in Saudi Arabia is about 750 million square meters. However, this value is not the effective rooftop area. Shadows due to rooftop constructions, balustrades, satellite dishes, patio covers, etc. should be considered along with the cultural aspects to find the final real usable area for PV installation.
Assumptions
The Kingdom of Saudi Arabia has a rapidly changing cross-cultural society experiencing the new technological era and a huge influx of expatriate labor. Although courtyard houses have been considered wide spread among the middle-eastern culture, the last few decades have seen major changes in the building sector. Now, cities are mainly divided into two types of constructions; commercial and residential. The residential settlements are further divided into various housing types as mentioned in the previous section i.e., traditional houses, villas and apartments. Traditional houses and villas are mostly Saudi national inhabited. Thirty percent of the Saudi population owns traditional houses, whereas apartments are usually accommodating expat populations [24] . In our case study, we approach the constructional considerations concerning traditional houses, villas and apartments separately, due to the uniqueness of the architecture and inhabitants. Following are the observations considered in further calculation of usable rooftop area in residential buildings in the Kingdom of Saudi Arabia:
• Balustrades: Balustrade height varies with the type of buildings. Traditional houses usually do not have roof access, hence a very negligible balustrade height is observed. People living in villas, on the other hand, are more concerned with their privacy. Hence, they construct a balustrade of at least six feet (1.8 m), occasionally adding on it with high houses in close proximity. Apartments have roof access only for various utility and maintenance needs of multiple tenant families living in the building. Usually, these types of buildings have a balustrade height of 1 m.
•
Patio covers: This type of construction is seen in villa houses only. Due to lack of data and unpredictable assumption basis, only a small safe amount of roof area is assumed. Nonetheless, the patio covers can also be used as potential usable areas.
• Satellite dishes and water tanks: All types of houses are fitted with satellite dishes and water tanks. These cover large proportions of roof areas in apartment buildings while having a relatively modest presence on villas and traditional houses roofs. Table 5 summarizes the applicability of potential parameters that affect the utilization of rooftop area for PV, also indicated in Figure 2 . Table 5 summarizes the applicability of potential parameters that affect the utilization of rooftop area for PV, also indicated in Figure 2 . 
Usable Area Calculations
Balustrades are the foremost and obvious correction that has to made in any PV usable rooftop area calculations. Balustrade shadow calculation is undertaken for villas and apartments at the lowest possible sun inclination of 30°. 
Balustrades are the foremost and obvious correction that has to be made in any PV usable rooftop area calculations. Balustrade shadow calculation is undertaken for villas and apartments at the lowest possible sun inclination of 30 • (Figure 3 ). Assuming a rectangular shape of the building with length 1.5 times the width, using basic trignometry, the area of balustrade can be determined by the following equation:
Area of balustrade shadow = 3.11 3.5
where 3.11 is the length of shadow casted with a balustrade height of 1.8 m (6 ft) at 30 degrees sun inclination. Therefore, the sum of total corrected villa roof areas (for all floor areas) considering the balustrade shadow is 27,603,566.41. Similarly, the calculation of apartment housing units using Equation (1) with the balustrade shadow length of 1.732 m for 1 m height of balustrade results in the total usable apartment roof area. A dividend of 2.55 was used in this case for the number of housing units as discussed in Section 2.2. A 56.6% of total apartment roof area is calculated as usable:
Area of balustrade shadow for apartments: 1.732 3.5
Similarly, for a balustrade height of 0.5 m, in the case of traditional houses, the shadow can be calculated as follows:
Area of balustrade shadow for apartments: 0.86 × 3.5 × . .
A reduction of 43% and 75% from the total roof area was observed for apartment and villa housings, respectively. Similarly, a reduction of 22% of usable area in traditional housing was observed.
Satellite dish antennas and water tanks are two essential features of building rooftops while a significant proportion of buildings roofs also contain AC units. A typical satellite dish antenna measures around 1 m in diameter (0.8 m 2 ) making a shadow of about 0.9 m 2 ; and a typical water tank of 2 × 1.5 × 1 m dimension casts a shadow of about 5 m 2 . Hence, an area of 17 m 2 should be deducted from the apartment, 6 m 2 for both villa and traditional houses' roof areas. Table 6 enlists the new calculated total usable areas. Balustrade correction for forecasted and others type of housing units is Assuming a rectangular shape of the building with length 1.5 times the width, using basic trignometry, the area of balustrade can be determined by the following equation:
Area of balustrade shadow = 3.11 × 3.5
where 3.11 is the length of shadow casted with a balustrade height of 1.8 m (6 ft) at 30 degrees sun inclination. Therefore, the sum of total corrected villa roof areas (for all floor areas) considering the balustrade shadow is 27,603,566.41. Similarly, the calculation of apartment housing units using Equation (1) with the balustrade shadow length of 1.732 m for 1 m height of balustrade results in the total usable apartment roof area. A dividend of 2.55 was used in this case for the number of housing units as discussed in Section 3.1. A 56.6% of total apartment roof area is calculated as usable:
Area of balustrade shadow for apartments : 1.732 × 3.5 A 1.5 .
Area of balustrade shadow for apartments : 0.86 × 3.5 × A 1.5 .
Satellite dish antennas and water tanks are two essential features of building rooftops while a significant proportion of buildings roofs also contain AC units. A typical satellite dish antenna measures around 1 m in diameter (0.8 m 2 ) making a shadow of about 0.9 m 2 ; and a typical water tank of 2 × 1.5 × 1 m dimension casts a shadow of about 5 m 2 . Hence, an area of 17 m 2 should be deducted from the apartment, 6 m 2 for both villa and traditional houses' roof areas. Table 6 enlists the new calculated total usable areas. Balustrade correction for forecasted and others type of housing units is assumed to be 47% (the average of all other housing type reductions due to balustrade shadow). Similarly, 10 m 2 and 6 m 2 of shadow are assumed for each forecasted and other types of housing units.
Air-conditioning systems are a part of every housing unit in Saudi Arabia. Estimating the use of Split AC units is very difficult due to the dynamics of household choices, hence, a meticulous estimate is necessary for each type of housing unit. In addition, six, three, one and two AC units for each apartment, villa, traditional and forecasted houses, respectively, are assumed with an effective usable area reduction of 1%.
One additional construction on the roof is the staircase room. As per the architectural design, this room is in the middle of the building. The room has its own roof which little affects the total roof area, but the shadow created by its 9 ft high walls of about 4 m in length each, cast a shadow area of about 20 m 2 , which is a significant value. A consistent building orientation would help us in more precisely calculating this value. Assuming a shadow on all three sides of the staircase room, we calculate the total usable area in villas to be 13,174,728.91 m 2 , a 48.5% reduction of area. Similarly, an area reduction of 17% is seen in apartment roofs.
Although apartment PV installation cannot cater to all of the power demand of the building in such a small roof area, a few PV panels can support at least 10% of the building's household electricity requirements [27] including services like external lightings, water pumps, etc. (Figure 4 ). assumed to be 47% (the average of all other housing type reductions due to balustrade shadow). Similarly, 10 m 2 and 6 m 2 of shadow are assumed for each forecasted and other types of housing units.
Although apartment PV installation cannot cater to all of the power demand of the building in such a small roof area, a few PV panels can support at least 10% of the building's household electricity requirements [27] including services like external lightings, water pumps, etc. (Figure 4 ). Inter-row gap is set to avoid PV panels casting a shadow on the hind rows. Each panel takes a footprint area of 1.5 m 2 and another 1.25 m 2 as inter-row gap. In order to calculate the exact number of rows, precise dimension, orientation and building type is needed. Nonetheless, a good estimate of the dimensions can predict the possible number of rows (not the number of panels) that can fit on the housing type. A typical apartment is sized at 20 × 12 m (240 m 2 ), whereas a villa or traditional house size vary largely. If the building is well oriented, maximum roof area can be utilized; otherwise, only 75% of the roof area is usable. For our calculation, let us consider that most of the houses are not oriented, assuming a 75% of the total usable area. This assumption can also be taken for villa and traditional housing units due to lack of data. Hence, the final cumulative usable roof area for the residential buildings in Saudi Arabia can be listed as in Table 6 . PV panel inclination angle adjustments according to the country's geographical location can reduce the usable area to another 5%. Inter-row gap is set to avoid PV panels casting a shadow on the hind rows. Each panel takes a footprint area of 1.5 m 2 and another 1.25 m 2 as inter-row gap. In order to calculate the exact number of rows, precise dimension, orientation and building type is needed. Nonetheless, a good estimate of the dimensions can predict the possible number of rows (not the number of panels) that can fit on the housing type. A typical apartment is sized at 20 m × 12 m (240 m 2 ), whereas a villa or traditional house size vary largely. If the building is well oriented, maximum roof area can be utilized; otherwise, only 75% of the roof area is usable. For our calculation, let us consider that most of the houses are not oriented, assuming a 75% of the total usable area. This assumption can also be taken for villa and traditional housing units due to lack of data. Hence, the final cumulative usable roof area for the residential buildings in Saudi Arabia can be listed as in Table 6 . PV panel inclination angle adjustments according to the country's geographical location can reduce the usable area to another 5%. 
PV Potential of Residential Buildings
Saudi Arabia's annual electricity consumption (2014) was 272 TWh, of which 136 TWh was consumed by the residential sector [15, 29] . Calculating the potential of residential sector in clean energy production is both wise and important as Saudi Arabia is playing its role in reducing CO 2 emission and developing more environmentally friendly policies.
Distributing the total usable area from among nationwide regions with respect to each city, we get a final usable roof area for each city.
The net area in Table 6 is divided by the cosine of panel inclination angle to calculate the net PV module area. Assuming a modest market module efficiency of 15%, which is equivalent to specific capacity of 150 W/m 2 , the building capacity of residential sector (38 TW) can be calculated as shown in Table 7 . The power produced by the PV panels is not only dependent upon its efficiency and input annual irradiation per surface area, but also other factors like dust, shadows, clouds and malfunction. Hence, the annual power generation of any region can be calculated, including losses, as [25] :
where W g is Annual electric generation of the geographic location (W), A is Area of module surface (m 2 ), I R is Irradiation of the geographic location (W/m 2 ), η is PV panel efficiency (%), PR is performance ratio (%), L is losses (%).
The annual irradiation data for major cities is provided in Table 9 . The performance ratio (PR) 0.84 is considered for pleasant climatic conditions, however, considering the harsh weather of Saudi Arabia signified by high temperatures, a figure of 0.75 is used in the study [30, 31] . In Saudi Arabia, dust can be a factor affecting the performance of PV systems. An uncleaned PV panel for six months produces 50% less power; hence, regular cleaning on a monthly frequency is assumed and recommended [32] . A monthly 10% power reduction can be assumed based on literature with another 5% for shadows for few hours of a day [25] . The PV modules' specifications and losses considered for calculations are given in Table 8 . A cumulative power generation capacity of residential buildings in these 13 regions of Saudi Arabia is therefore calculated to be 51 TWh per year ( Table 9 ). The estimated power generation from different region is listed in Table 9 . Figure 5 provides the net PV utilizable area, potential for PV capacity and subsequent power generation capacity from the studied 13 regions on a national thematic map. 
Case Study: KFUPM
The King Fahd University of Petroleum and Minerals (KFUPM) is one of the largest universities in the Kingdom of Saudi Arabia situated in the city of Dhahran in its Eastern Province. It is situated on 26°18′29″ North, and 50°9′1″ East, with a mean elevation of 62 m above sea level. Dhahran has annual solar radiation level of 2100 kWh/m 2 . The KFUPM campus has been selected as the study area, as, due to its diverse building range including academic buildings, administration blocks, faculty and staff residences, student housing, community centers, schools, shopping centers, sport centers, medical clinic, restaurants, warehouses, workshops and multipurpose buildings, it resembles a town. Its residential buildings range from student housing and studio flats to as big as five bedroom villas.
In terms of construction, all KFUPM buildings have flat rooftops. The total roof area of buildings has been determined using ArcGIS 10.2 software. The roof area available for application of PV varies by type of buildings, depending upon their construction, architectural features and utilization. In the absence of balustrades, the utilization of the roof area for PV application is noted to be affected by HVAC systems (as buildings have central air handling units), satellite dish antennas and water tanks. Further taking into account the shadow avoidance and maintenance spacing between successive rows of PV panels inclined at 24°, the utilizable rooftop area has been calculated to be varying between 24% and 40% for the three main types of residential buildings: student housing, staff housing and faculty villas. From the total roof area of 248,452 m 2 after taking into account the obstructions, the net utilizable area has been calculated to be 73,293 m 2 . The overall utilizable area for all residential buildings has thus been calculated to be 30%.
The power generation from the rooftop PV systems on the residential buildings, based upon the above calculated utilizable area, has been calculated using PVsyst software. PVsyst is a specialized photovoltaic system design and simulation software extensively used by the PV industry. In this study, a grid-connected PV system is designed with the help of mandatory input parameters including the site coordinates (26.28° N and 50.21° E), local weather data, orientation (south) and 
The King Fahd University of Petroleum and Minerals (KFUPM) is one of the largest universities in the Kingdom of Saudi Arabia situated in the city of Dhahran in its Eastern Province. It is situated on 26 • 18 29" North, and 50 • 9 1" East, with a mean elevation of 62 m above sea level. Dhahran has annual solar radiation level of 2100 kWh/m 2 . The KFUPM campus has been selected as the study area, as, due to its diverse building range including academic buildings, administration blocks, faculty and staff residences, student housing, community centers, schools, shopping centers, sport centers, medical clinic, restaurants, warehouses, workshops and multipurpose buildings, it resembles a town. Its residential buildings range from student housing and studio flats to as big as five bedroom villas.
In terms of construction, all KFUPM buildings have flat rooftops. The total roof area of buildings has been determined using ArcGIS 10.2 software. The roof area available for application of PV varies by type of buildings, depending upon their construction, architectural features and utilization. In the absence of balustrades, the utilization of the roof area for PV application is noted to be affected by HVAC systems (as buildings have central air handling units), satellite dish antennas and water tanks. Further taking into account the shadow avoidance and maintenance spacing between successive rows of PV panels inclined at 24 • , the utilizable rooftop area has been calculated to be varying between 24% and 40% for the three main types of residential buildings: student housing, staff housing and faculty villas. From the total roof area of 248,452 m 2 after taking into account the obstructions, the net utilizable area has been calculated to be 73,293 m 2 . The overall utilizable area for all residential buildings has thus been calculated to be 30%.
The power generation from the rooftop PV systems on the residential buildings, based upon the above calculated utilizable area, has been calculated using PVsyst software. PVsyst is a specialized photovoltaic system design and simulation software extensively used by the PV industry. In this study, a grid-connected PV system is designed with the help of mandatory input parameters including the site coordinates (26.28 • N and 50.21 • E), local weather data, orientation (south) and inclination (24 • ), system sizing and detailed losses. Optional input perimeters including the far and near shading definitions, and module layout have also been considered. The PV modules selected from the software library are 250 Wp mono crystalline with dimensions 1.65 m by 1 m and 60 cells. The capacity of the PV system is specified according to the available roof area taking into account the selected modules. Other components including inverters are also selected from the software library. The software then proposes a system configuration and allows for conducting simulation, generating a set of outputs. Findings of the PV modeling reveal a performance ratio in the range of 75-84% as shown in Figure 6 . The power output from PV systems and the involved losses for a block of residential buildings with PV utilizable area of 31,236 m 2 have been presented in Figure 7 . The total rooftop area for the three types of residential units in KFUPM with respective installable capacity of PV and power output have been shown in Figure 8 . The overall performance of the PV systems for the entire residential buildings in KFUPM have been provided in Table 10 . inclination (24°), system sizing and detailed losses. Optional input perimeters including the far and near shading definitions, and module layout have also been considered. The PV modules selected from the software library are 250 Wp mono crystalline with dimensions 1.65 m by 1 m and 60 cells. The capacity of the PV system is specified according to the available roof area taking into account the selected modules. Other components including inverters are also selected from the software library.
The software then proposes a system configuration and allows for conducting simulation, generating a set of outputs. Findings of the PV modeling reveal a performance ratio in the range of 75-84% as shown in Figure 6 . The power output from PV systems and the involved losses for a block of residential buildings with PV utilizable area of 31,236 m 2 have been presented in Figure 7 . The total rooftop area for the three types of residential units in KFUPM with respective installable capacity of PV and power output have been shown in Figure 8 . The overall performance of the PV systems for the entire residential buildings in KFUPM have been provided in Table 10 . It can be seen that PV systems installed on the residential building rooftops in KFUPM can annually produce 15,604 MWh of electricity, resulting in 12,764 Metric tons CO 2 e of savings.
Results and Discussion
Residential buildings make up a substantial proportion of the total building stock in KSA. Between 1990 and 2010, for example, more than 90% of the total new building licenses have been in the residential sector [11] . Solar energy is the most promising form of renewable energy the country can tap to help address the sustainability challenges its building and energy sectors are facing. Solar PV is being deemed as an important technology to help meet the 9.5 GW renewable energy targets the country has set. The work estimates the rooftop PV power generation potential in the residential sector of KSA covering the 13 main administrative regions. While making the available rooftop area estimation, the typology of buildings and their respective construction features influencing the utilizability of PV have been taken into account. The total PV power generation capacity from residential buildings at the national level has been calculated to be 51 TWh. Figure 9a illustrates the percentage of contribution that a region can make in total residential power generation capacity of the Kingdom. It can be seen that 62% of the total capacity is from three regions only: Al-Riyadh (23%), Makkah Al-Mukarramah (28%) and the Eastern Region (11%). Traditional housing units contribute about 65% of power generation among all of the regions and constitute on average 55% in the top three regions (without considering Demand Forecast), as shown in Figure 9b . Makkah Al-Mukarramah has the highest capacity of power generation, partly due to the highest number of traditional houses (74%) as well as apartments (13%) among all of the regions, as reflected in Figure 9c .
The residential PV power generation capacity of Saudi Arabia can contribute to 30% of total residential electricity demand (2014 census). The top five regions alone can cater to more than 23.4% of total residential electricity demand. Rooftop features affecting the application of PV such as water tank, satellite dishes and split AC units can be re-arranged in the shaded region on the roof to maximize the availability of space. Balustrade walls with a typical height of 6-7 feet also impact the application of PV on roofs; and a decrease in their height can increase the penetration of sunlight. This can be managed without compromising on privacy since modified array arrangement would serve the purpose. It can be seen that PV systems installed on the residential building rooftops in KFUPM can annually produce 15,604 MWh of electricity, resulting in 12,764 Metric tons CO2e of savings.
Residential buildings make up a substantial proportion of the total building stock in KSA. Between 1990 and 2010, for example, more than 90% of the total new building licenses have been in the residential sector [11] . Solar energy is the most promising form of renewable energy the country can tap to help address the sustainability challenges its building and energy sectors are facing. Solar PV is being deemed as an important technology to help meet the 9.5 GW renewable energy targets the country has set. The work estimates the rooftop PV power generation potential in the residential sector of KSA covering the 13 main administrative regions. While making the available rooftop area estimation, the typology of buildings and their respective construction features influencing the utilizability of PV have been taken into account. The total PV power generation capacity from residential buildings at the national level has been calculated to be 51 TWh. Figure 9a illustrates the percentage of contribution that a region can make in total residential power generation capacity of the Kingdom. It can be seen that 62% of the total capacity is from three regions only: Al-Riyadh (23%), Makkah Al-Mukarramah (28%) and the Eastern Region (11%). Traditional housing units contribute about 65% of power generation among all of the regions and constitute on average 55% in the top three regions (without considering Demand Forecast), as shown in Figure 9b . Makkah AlMukarramah has the highest capacity of power generation, partly due to the highest number of traditional houses (74%) as well as apartments (13%) among all of the regions, as reflected in Figure 9c . The residential PV power generation capacity of Saudi Arabia can contribute to 30% of total residential electricity demand (2014 census). The top five regions alone can cater to more than 23.4% of total residential electricity demand. Rooftop features affecting the application of PV such as water tank, satellite dishes and split AC units can be re-arranged in the shaded region on the roof to maximize the availability of space. Balustrade walls with a typical height of 6-7 feet also impact the application of PV on roofs; and a decrease in their height can increase the penetration of sunlight. This can be managed without compromising on privacy since modified array arrangement would serve the purpose.
The present work realizes that there are issues with availability of precise and updated data on building sector. Information like building orientation, city planning, permits for new constructions and types of HVAC systems can help make more precise estimates, especially in calculating the balustrade shadows. It is therefore important that updated information be recorded, and made available online, with the local municipality on the type of approved constructions and modifications. The present work realizes that there are issues with availability of precise and updated data on building sector. Information like building orientation, city planning, permits for new constructions and types of HVAC systems can help make more precise estimates, especially in calculating the balustrade shadows. It is therefore important that updated information be recorded, and made available online, with the local municipality on the type of approved constructions and modifications.
The findings of the case study on KFUPM in terms of estimation of PV utilizable area and subsequent power generation are in close proximity with the estimates at the national level. The PV utilizable area in KFUPM and at the national level is 30% and 31.8%, respectively. The PV power generation at the national level estimated with the help of standard equations 230 kW/m 2 or kWh/m 2 , while the PVsyst based modeling reveals a figure of 212.9 kW/m 2 for KFUPM housing. This value is about 10% of average solar irradiation (1800-2200 kW/m 2 ) received by the country. It also suggests that the average PV module efficiency is about 10% in the hot climate of Saudi Arabia as investigated by Benghanem et al [33] .
The buildings related application has made a major contribution to the fast growth of PV technology in recent years. The leading countries in the world with PV installed capacity such as Germany, USA, Japan, Italy and Spain have all seen a significant contribution coming from the building sector. Germany, for example, has 15% of its total PV power generation contributed by the domestic sector [34] . The application of PV in buildings is attracting new avenues and ventures across the world. Tesla has stepped into the solar energy business by offering solar PV tiles for buildings making the application aesthetically pleasing [35] . The strong penetration of PV in buildings has been propelled by supportive policies and initiatives such as net metering, feed-in-tariff, and renewable obligation certificate. The effectiveness of these policies is well established and Saudi Arabia can emulate these trends to promote the application of PV in the building sector. Currently, there is a lack of awareness and initiative in the building industry about sustainability in general and renewable energy in particular. Building industry professionals are skeptical about the technical and economic viability of renewable technologies [5] . To promote PV application in buildings, it is therefore important to raise awareness amongst the building industry professionals as well as consumers besides formulating a detailed policy framework.
Meeting the rapidly growing peak power demand is one of the most important energy challenges the country faces, and application of PV in buildings can be a helpful option in this aspect. Utility tariffs, which traditionally have been heavily subsidized, are in a process of being rationalized. In 2016, electricity tariffs have been increased for the first time in 15 years, by as much as 45% [36] . Further tariff hikes are being widely forecasted as under the recently announced National Transformation Plan (NTO) by 2020, electricity and water tariff subsidies are to be cut by 200 Billion Saudi Riyals (54 Billion US$) [37] . The increasing trend in electricity tariff is going to positively affect the economic viability of PV.
Conclusions
Saudi Arabia needs to utilize the building sector for PV application to help achieve its 9.5 GW renewable energy targets. The study examines the residential sector of Saudi Arabia for rooftop PV power generation. The total building rooftop area for four main categories of housing units-villa, apartment, traditional house, and others-covering 13 major regions in the country has been calculated to be about 695 million square meter. The net rooftop area for PV utilization taking into account obstacles like balustrade walls, stair cases, water tanks, satellite dish antenna and air conditioning units has been found to be equivalent to 221 million square meters, accounting for 31.8% of the total roof area. It is found that rooftop PV systems in domestic buildings can provide 51 TWh of output per year, meeting 30% of the total residential electricity demand. Traditional houses exhibit the highest potential compared to other housing unit types. Riyadh, Makkah Al-Mukarramah and the Eastern region can produce more than 60% of the total estimated power generation. The findings of the case study at the KFUPM residential buildings undertaken with the help of ArcGIS 10.2 and PVsyst software corroborate the area and power generation estimates at the national level. The common obstructions can be rearranged in the shaded part of rooftops to maximize the space for PV installations. A decrease in the balustrade height can increase the sunny area on the roof. Housing authorities and municipalities should maintain comprehensive and up to date datasets. There is a need for appropriate policies and incentives in place to promote the take-up of PV in residential buildings, while lessons can be learnt from similar initiatives in developed countries.
